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It has recently become clear that cuprate superconductors have a universal tendency to form 
charge-density-wave order. A fundamental question is the relation between this charge order and the 
pseudogap phase. A key feature is that this tendency is strongest at a doping p ~ 0.12, irrespective of 
the modulation period. Here we show that pressure suppresses charge order in YBa 2 Cu 30 !/ , but does 
not affect the pseudogap phase. The latter is therefore not simply a precursor of the former. Looking 
at high-pressure data, we find that when charge order is suppressed, the superconducting dome in 
the phase diagram of YBa 2 Cu 30 j, is transformed so that it no longer dips but instead now peaks at 
p ~ 0.12. The fact that in the absence of mutual competition the domes of superconductivity and 
of charge order both peak at the same doping is strong evidence for the existence of a third phase 
that competes with both orders at low doping, thereby shaping the phase diagram of cuprates. 

PACS numbers: 74.72.Gh, 74.62.Fj, 74.25.Dw 


The recent observation of charge density 
modulations in YBa2Cu30 y (YBCO) [THU, 
La2- a; Sr a; Cu04 (LSCO) [5], HgBa2Cu04+5 [Bj, and 
Bi 2 Sr 2 Cu0 6+5 □ shows that charge-density-wave 
(CDW) order is a generic tendency of cuprates, not 
specific to materials such as La2- a; Ba :E Cu04 (LBCO), 
where it has long been known to exist i<Jj. In Fig. 1, 
the onset temperature of CDW modulations seen in 
YBCO by X-ray diffraction, Tcdw, is plotted as a 
function of doping m uni- It forms a dome peaked 
at p = 0.12, as does the onset temperature of CDW 
order seen by NMR (above a threshold magnetic field), 
TnMR m- The Fermi surface of YBCO undergoes a 
reconstruction, attributed to CDW order, into small 
electron [T2] and hole m pockets at low temperature. 
This process is detected as a downturn in the Hall 
coefficient Rn(T) towards negative values ill], which 
starts at a temperature Tfsr m As seen in Fig. 1, the 
onset of Fermi-surface reconstruction (FSR), at Tfsr, 
also peaks at p = 0.12. CDW and FSR also both peak 
at p = 0.12 in Lai.s_ x Euo.2Sr a; Cu04 Ham]- 

The striking experimental fact is that the CDW phase 
in cuprates is peaked at p = 0.12. The question is why? 
Old explanations in terms of a commensurate match 
of the CDW period with either the lattice or the hole 
density are no longer viable. Indeed, while in LBCO 
or LSCO-based materials the CDW incommensurability 
tracks p and the period becomes nearly commensurate 
with the lattice at p ~ 0.12, neither of these facts are 
true for YBCO [9] [TO:. For some as yet unknown reason, 
the conditions for CDW formation in cuprates are most 
favourable at p = 0.12. 

CDW order and superconductivity are competing 
phases. X-ray intensity drops sharply below T c H0, 



FIG. 1: Temperature-doping phase diagram of YBCO, show¬ 
ing the superconducting phase below T c (black dots [IS]) and 
the onset of charge order seen by NMR, above a threshold 
magnetic field, below Tnmr (green squares [IT]). Charge- 
density modulations are detected by X-ray diffraction below 
Tcdw (up triangles [9]; down triangles PUD- The Fermi sur¬ 
face undergoes a reconstruction seen as a downturn in the 
Hall coefficient below Tfsr (red circles [IS]). T* marks the 
onset of the pseudogap phase (dashed line [T9] [50] ). 


showing that superconductivity weakens CDW order in 
YBCO. Conversely, CDW order weakens superconduc¬ 
tivity. This shows up in the doping dependence of the 
superconducting critical temperature T c and held H c 2, 
as a dip in the former (Fig. 1) |18| and a local minimum 
in the latter [21], both centred at p = 0.12, where CDW 
order is strongest. The dip in T c was shown to scale with 
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FIG. 2: a) Electrical resistivity p a (T) of YBCO with a dop¬ 
ing p = 0.107, measured along the a axis of the orthorhom¬ 
bic crystal structure, as a function of temperature, at three 
pressures as indicated. The curves are normalized to 1.0 at 
T = 275 K (for the unnormalized data, see Fig. SI of the Sup¬ 
plemental Material [22])- The straight line is a linear fit to the 
high-temperature data, extended to T = 0. T * (arrow) marks 
the onset of the pseudogap phase, defined as the tempera¬ 
ture below which p a (T) deviates from its linear dependence 
at high temperature PS HD]. Tcdw (arrow) is the onset of 
CDW modulations (Fig. 1). b) Superconducting transition 
temperature T c of YBCO as a function of pressure (applied 
at room temperature), for our three oxygen-ordered crystals, 
with doping values p as indicated. T c is obtained from resistiv¬ 
ity data in Figs. SI, S2 and S3 of the Supplemental Material. 


the onset of FSR, closely linking the two m- Applica¬ 
tion of a magnetic field H restores the CDW amplitude 
below T c , while it has no effect above T c [5]. This shows 
that one can tune the competition between CDW order 
and superconductivity by applying a magnetic field. 

Here we show that pressure is a second, independent 


tuning parameter for this competition, which weakens 
CDW order, with little direct effect on superconductiv¬ 
ity, or on the pseudogap phase. By applying large pres¬ 
sures, one can therefore suppress CDW order and obtain 
the superconducting phase diagram free of competition. 
Using existing data, we show that under high pressures 
the dome of T c is no longer peaked at p = 0.16, the 
usual optimal doping, but at p ~ 0.12. The fact that 
both CDW order and superconductivity peak at the same 
doping in the absence of mutual competition reveals that 
some competing mechanism acts to suppress both below 
p ~ 0.12. Identifying this mechanism will be key to un¬ 
derstanding the cuprate phase diagram. 

Methods. - Single crystals of YBa 2 Cu 30 y were pre¬ 
pared as described elsewhere [23] , with oxygen content 
ranging from y = 6.35 to y = 6.998. The hole concentra¬ 
tion (doping) p of each sample is given by its supercon¬ 
ducting critical temperature T c ng. T c was determined 
from transport measurements of the electrical resistance 
p(T) or Nernst signal N(T) as a function of temperature, 
and defined as the temperature below which p and N 
are zero. The pressure dependence of the a-axis electri¬ 
cal resistivity p a (T) was measured on three single crys¬ 
tals with a high degree of oxygen order: 1) y = 6.50, 
T c (0) = 54.5 K, p = 0.090 (ortho-II order); 2) y = 6.54, 
T c (0) = 60.2 K, p = 0.107 (ortho-II order); .3) y = 6.67, 
T c (0) = 65.3 K, p = 0.119 (ortho-VIII order). Sam¬ 
ples were pressurized in a nonmagnetic piston-cylinder 
clamp cell with a 1/1 mixture of pentane and 3-methyl- 
1-butanol as the transmitting medium, ensuring a hydro¬ 
static pressure. The magnitude of the applied pressure 
was determined from the superconducting transition of 
a lead sample placed inside the cell. Note that pres¬ 
sure can enhance oxygen order in YBCO, and oxygen 
ordering increases the doping in the Cu02 planes. To 
avoid this, one can either apply pressure at tempera¬ 
tures below ~ 200 K [23] [25] or use samples prepared 
with a high degree of oxygen order. We used oxygen- 
ordered samples and applied pressure at room tempera¬ 
ture. Measurements of p(T) and N(T) in a magnetic field 
H = 0 and H = 15 T (applied along the c axis of the 
orthorhombic structure) allowed us to obtain T C {H = 0) 
and T C (H = 15 T). The values of j/, p, T C (H = 0) and 
T C (H = 15 T) for our 13 YBCO samples are listed in 
Table SI of the Supplemental Material. This includes 
a sample with 1.4 % of Ca substitution (at y ~ 7), for 
which p = 0.19. 

Sensitivity to pressure. - In Figs. SI, S2 and S3 of the 
Supplemental Material, the resistivity of our 3 oxygen- 
ordered YBCO samples is plotted vs temperature, for 
different values of the applied pressure. The data for 
p = 0.107 are shown in Fig. 2a, normalized at T = 275 K. 
We see that above 150 K, pressure has no effect on the 
shape of p a (T). The same is true not only in YBCO at 
the other dopings, but also in YBa 2 Cu 40 § (p = 0.14), 
measured recently up to 10 GPa [26] (see Fig. S4 in the 
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FIG. 3: Sensitivity of T c in YBCO to pressure P and mag¬ 
netic field H, as a function of doping p. The former is defined 
as the amount dT c by which T c is increased by the application 
of a small hydrostatic pressure dP (at constant p), plotted as 
(■ dT c /dP ) vs p (blue circles, right axis; Table S2 in the Sup¬ 
plemental Material). Open circles with error bars are from 
our own data on oxygen-ordered crystals (Fig. 2b); full cir¬ 
cles are from published data (Table S2 and Fig. S5 in the 
Supplemental Material). To get ( dT c /dP ) p , a small doping- 
dependent correction is applied to the measured dT c / dP, 
that accounts for the increase in doping, and hence in T c , due 
to pressure (see Supplemental Material). The dashed line 
marks ( dT c /dP) p = 0. The sensitivity to field is defined as 
the amount dT c by which T c is reduced by a magnetic field of 
15 T : - dT c / dH = [T C (H = 0)- T C (H = 15 T)]/15 T (red 
squares, left axis; Table SI in the Supplemental Material). 


Supplemental Material). This shows that the signature of 
the pseudogap phase in p a (T), namely a downturn below 
T* (Fig. 2a), is unaffected by pressure. We conclude 
that pressure has little impact on the pseudogap phase 
of cuprates, at least up to P ~ 10 GPa. We attribute the 
changes in p a (T) observed below Tcdw — 150 K (Fig. 2a) 
to changes in the CDW-induced FSR. 

In contrast to T*, pressure has a large effect on T c . In 
Fig. 2b, we plot the pressure dependence of T c . The slope 
dT c /dP has a positive value, of magnitude 3.0 ± 0.2, 
3.5 ± 0.4, and 7.5 ± 0.5 K / GPa for p = 0.090, 
0.107, and 0.119, respectively, in good agreement with 
published data obtained by applying pressure at low tem¬ 
perature (see Fig. S5 in the Supplemental Material). This 
confirms that there are no oxygen-ordering effects. 

In Fig. 3, we plot our values of dT c /dP vs p together 
with a collection of published data, all corrected for the 
small effect of pressure-induced doping [27) 128] (see Sup¬ 
plemental Material). Both the measured dT c /dP and the 
corrected (dT c /dP) p peak sharply at p = 0.12 (Fig. S5 
of the Supplemental Material), as noted earlier [22]. The 
dramatic increase in dT c /dP between p — 0.11 and 


p ~ 0.12 (Fig. 2b), previously detected in thermal ex¬ 
pansion measurements at ambient pressure [30] . signals 
a rapid change in the properties of YBCO near p = 0.12. 
Note also that T c is enhanced by pressure only below 
p ~ 0.16. Given that CDW order onsets below p ~ 0.16 
and peaks at p = 0.12 (Fig. 1), we attribute the pressure 
enhancement of T c to a suppression of the competing 
CDW order. This interpretation is confirmed by looking 
at the effect of a magnetic field, an established tuning 
parameter for this phase competition. 

Sensitivity to field. The sensitivity of the supercon¬ 
ducting transition temperature T c to a magnetic field H 
applied along the c axis was studied across the doping 
range of YBCO, from p ~ 0.06 to p ~ 0.2. Using ei¬ 
ther resistivity or Nernst data (Figs. S6 and S7 in the 
Supplemental Material), the amount dT c by which T c is 
reduced when a field of 15 T is applied was measured on 
13 different single crystals (Table SI in the Supplemental 
Material). The sensitivity to field, defined as — dT c /dH 
= [T C (H = 0)- T C (H = 15 T)]/15 T, is plotted in Fig. 3. 

We see that it is small and flat above p = 0.16, it 
rises rapidly below p = 0.16, to reach a maximum at 
p = 0.12, and then decreases at lower p. So — dT c /dH vs 
p peaks at p = 0.12. This is not surprising, since we know 
that H c 2 vs p has a local minimum at p ~ 0.12 mm- 
Note also that Tcdw intersects T c at p ~ 0.16 (Fig. 1), 
thereby explaining the low sensitivity at p > 0.16. All 
this confirms that superconductivity is weakened when 
CDW order grows, consistent with the scenario of phase 
competition discussed above. 

Discussion. - In Fig. 3, we see that 8T c /dP and 
— 8T c /dH track each other : both are small and flat 
for p > 0.16, both rise rapidly below p = 0.16, and both 
peak at p = 0.12. The two sensitivities look so identi¬ 
cal as a function of doping because H and P are pure 
tuning parameters: H does not directly couple to CDW 
order [3] and P does not directly couple to superconduc¬ 
tivity ( 8T c /dP ~ 0 at p > 0.16). Field and pressure are 
two complementary parameters with which to tune phase 
competition between CDW order and superconductivity 
in YBCO, in opposite directions. This confirms our inter¬ 
pretation that pressure suppresses CDW order in YBCO. 
Note that X-ray diffraction studies in LBCO at p = 0.125 
showed directly that CDW order is suppressed by pres¬ 
sure in that material, while T c rises m- 

We therefore expect that a sufficiently strong pressure 
will suppress CDW order entirely and reveal the super¬ 
conducting phase diagram of YBCO free of competition. 
In Fig. 4, we plot T c vs p at P = 2 GPa and 15 GPa, 
using data from ref. [251 (reproduced in Fig. S8 of the Sup¬ 
plemental Material). We see that when CDW order is 
removed, the superconducting phase in the temperature¬ 
doping diagram of YBCO is transformed in two impor¬ 
tant ways. First, the dip at p ~ 0.12 goes away, so that 
by P = 15 GPa, T c forms a dome peaked at p ~ 0.13. 
Secondly, the foot of the dome at low doping moves up, 
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FIG. 4: Superconducting phase diagram of YBCO, showing 
T c at ambient pressure (P = 0, dotted blue line; Fig. 1 1181 1 
and at P = 2 GPa (green circles; from our 3 samples, open 
circles (Fig. 2b); from the 5 samples of ref. [25; full circles). 
T c measured at, or extrapolated to, P = 15 GPa is shown 
as red circles (from ref. 1251 see Fig. S8 in the Supplemental 
Material). The doping value for each data point includes the 
effect of pressure (see Supplemental Material). The red and 
green lines are a guide to the eye. 

from p = 0.05 to p ~ 0.075. As a result, the fall of T c with 
decreasing p is much faster than it was at ambient pres¬ 
sure (Fig. 4). At P = 0, T c falls below p ~ 0.16 because 
a competing phase of CDW order sets in below a T = 0 
critical point at p ~ 0.18 [2H S3 S3]- At P = 15 GPa, 
this CDW critical point is removed, yet T c is still a dome, 
now falling below p — 0.13. What competing phase, re¬ 
sistant to pressure, is causing that fall? Let us mention 
two possible scenarios. 

The first scenario is spin order. In YBCO at ambient 
pressure, long-range antiferromagnetic order exists up to 
p = 0.05 and short-range incommensurate spin-density- 
wave (SDW) correlations extend up to p ~ 0.08 [51] . 
CDW, SDW and superconducting phases all compete 
with each other [33. By suppressing CDW order, pres¬ 
sure could strengthen SDW order, extend its range up 
to higher p, and stiffen its competing effect on supercon¬ 
ductivity at low doping. 

A second scenario for a competition that persists at 
high pressure is the pseudogap phase. In particular, the 
pseudogap due to strong correlations associated with the 
Mott insulator is known to compete with superconduc¬ 
tivity [361 [37], and to produce a dome of T c vs p [38]. It 
remains to be seen where in doping the peak in T c lies 
with respect to the T* line and the underlying critical 
point for the transition from Fermi-liquid phase at high 
p to pseudogap phase at low p [55] 03 ■ 

In any scenario, two questions must be addressed: Why 
a dome of CDW order peaked at p ~ 0.12? Why does 


pressure have such a strong detrimental effect on CDW 
order, while it has little direct effect on either supercon¬ 
ductivity or the pseudogap phase? 

Summary. - Over the years, the numerous studies of 
the effect of pressure on T c in YBCO have collectively re¬ 
vealed a complex behavior that has remained a mystery. 
A crucial piece of information that had been missing un¬ 
til recently to make sense of the apparent complexity is 
the existence of a dome of CDW order in YBCO. Here 
we showed that magnetic field H and pressure P shift 
T c in the same way as a function of doping, but in op¬ 
posite directions, and conclude that H and P are two 
independent parameters with which to tune the com¬ 
petition between superconductivity and CDW order in 
YBCO: H suppresses the former and P suppresses the 
latter. This is most likely why the record T c in cuprate 
superconductors was reached by applying pressure Ell¬ 
in YBCO at high pressures, when CDW order is removed, 
the superconducting dome of T c vs p is seen to peak at 
p — 0.12, revealing that another competing mechanism 
is at play at low doping. We mention that this could be 
a phase of spin order or the pseudogap phase, amongst 
other possibilities, and propose that one way to discrim¬ 
inate between the various scenarios is to ask why would 
CDW order also happen to peak at p ~ 0.12, a universal 
fact of cuprate superconductors. 
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SUPPLEMENTAL MATERIAL 

Suppression of charge order by pressure in the cuprate superconductor YBa 2 Cu 3 O y : 

Restoring the full superconducting dome 

This Supplemental Material file contains two tables, eight figures and a discussion about the doping effect of 
pressure in YBCO. Tables SI and S2 present the values of the data points plotted in Fig. 3. Figs. SI to S4 plot 
raw and normalized resistivity curves of some YBCO samples under pressure, similar to Fig. 2a. Fig. S5 presents 
the extracted values of dT c /dP from references in the literature and the corresponding corrected values (plotted in 
Fig. 3). Figs. S6 and S7 plot raw resistivity and Nernst curves at H = 15 T, giving T C (H = 15 T) of Table SI. Fig. S8 
shows published curves of pressure dependence of T c in YBCO from ref. j25], used in Fig. 4. 


V 

y 

T c (0) T c (15T) A T c / 
(K) (K) (K/4 

0.062 

6.35 

19.5 

2.0 

1.17 

0.074 

6.45 

39.5 

10.5 

1.93 

0.079 

6.45 

45.0 

11.5 

2.23 

0.100 

6.49 

57.8 

12.5 

3.02 

0.109 

6.54 

61.3 

7.8 

3.57 

0.110 

6.54 

61.5 

8.5 

3.53 

0.119 

6.67 

65.0 

10.5 

3.63 

0.121 

6.67 

66.0 

9.0 

3.80 

0.135 

6.80 

78.5 

28.7 

3.32 

0.138 

6.80 

82.0 

32.5 

3.30 

0.139 

6.80 

82.5 

36.0 

3.10 

0.150 

6.86 

90.8 

52.6 

2.55 

0.150 

6.86 

91.0 

53.0 

2.53 

0.158 

6.92 

93.5 

68.0 

1.70 

0.158 

6.92 

93.5 

67.8 

1.71 

0.172 

6.95 

93.1 

68.0 

1.67 

0.173 

6.99 

93.0 

69.1 

1.59 

0.174 

6.95 

92.7 

70.8 

1.46 

0.177 

6.97 

92.0 

72.8 

1.28 

0.178 

6.97 

91.5 

71.5 

1.33 

0.181 

6.998 

90.5 

72.3 

1.21 

0.181 

6.998 

90.5 

69.3 

1.41 

0.181 

6.998 

90.5 

67.0 

1.57 

0.190 Cal.4% 

87.0 

65.2 

1.45 

0.190 Cal.4% 

87.0 

68.5 

1.23 


TABLE SI: Characteristics of the 13 YBCO samples whose sensitivity of Tito field is plotted in Fig. 3, labelled by their 
oxygen content y. doping p, zero-resistance T c at H = 0 and H = 15 T, from resistivity (Fig. S6) or Nernst (Fig. S7) data. 
A T c = T C (H = 0) — T C (H = 15 T); —dT c /dH = AT C /15 T. The numbers in the last column are plotted as red squares in 
Fig. 3. 



S2 


References for data in Table S2 : 
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Fisk, and J. E. Schirber, Phys. Rev. Lett. 69, 680 (1992) 
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V. G. Tissen, Y. Wang, A. P. Paulikas, B. W. Veal and J. S. Schilling, Physica C 316, 21 (1999). 
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T c ( 0) p dT c /dP ( dT c /dp) p ( dT c /dP) p Reference 


( K / GPa ) ( K / hole ) ( K / GPa ) 


14.0 

0.059 

1.1 

2064.32 

-0.1 ± 

0.1 

Tissen et al. 1999 

13.5 

0.059 

2.0 

2079.08 

0.8 

± 

0.1 

Sadewasser et al. 2000 

17.1 

0.061 

2.1 

1901.22 

1.0 

± 

0.2 

Sadewasser et al. 2000 

25.0 

0.065 

1.7 

1661.15 

0.6 

± 

0.3 

Fietz et al. 1996 

26.4 

0.066 

2.2 

1644.39 

1.1 

± 

0.3 

Fietz et al. 1996 

27.1 

0.066 

2.4 

1636.17 

1.3 

± 

0.3 

Fietz et al. 1996 

34.4 

0.071 

2.3 

1514.45 

1.2 

± 

0.1 

Sadewasser et al. 2000 

54.2 

0.090 

3.0 

453.84 

2.6 

± 

0.2 

Benischke et al. 1992 

54.5 

0.090 

3.0 

428.50 

2.6 

± 

0.2 

This work 

55.1 

0.092 

2.7 

337.67 

2.4 

± 

0.3 

Fietz et al. 1996 

55.1 

0.092 

3.0 

337.67 

2.7 

± 

0.3 

Fietz et al. 1996 

60.2 

0.107 

3.5 

406.50 

3.1 

± 

0.4 

This work 

61.3 

0.109 

3.8 

398.10 

3.4 

± 

0.2 

Benischke et al. 1992 

61.4 

0.110 

3.8 

396.10 

3.4 

± 

0.2 

Benischke et al. 1992 

63.0 

0.114 

6.6 

377.22 

6.2 

± 

0.3 

Fietz et al. 1996 

64.0 

0.116 

6.6 

403.97 

6.1 

± 

0.3 

Fietz et al. 1996 

64.2 

0.117 

7.1 

412.42 

6.6 

± 

0.2 

Sadewasser et al. 2000 

65.3 

0.119 

7.2 

467.50 

6.9 

± 

0.5 

This work 

67.2 

0.123 

7.0 

616.06 

6.2 

± 

0.2 

Benischke et al. 1992 

73.6 

0.131 

6.5 

1012.29 

5.2 

± 

0.2 

Benischke et al. 1992 

75.0 

0.132 

6.3 

1086.33 

4.9 

± 

0.2 

Benischke et al. 1992 

80.2 

0.137 

4.3 

1187.43 

2.7 

± 

0.1 

Almasan et al. 1992 

82.5 

0.139 

4.0 

1115.16 

2.5 

± 

0.1 

Almasan et al. 1992 

86.0 

0.142 

3.9 

864.92 

2.7 

± 

0.2 

Benischke et al. 1992 

87.7 

0.144 

4.0 

718.94 

3.0 

± 

0.1 

Almasan et al. 1992 

89.3 

0.147 

0.7 

576.82 

-0.2± 

0.2 

Klotz et al. 1991 

89.8 

0.148 

0.6 

531.21 

-0.1 

± 

0.2 

Tozer et al. 1993 

90.2 

0.148 

2.5 

495.32 

1.8 

± 

0.2 

Benischke et al. 1992 

91.1 

0.150 

0.8 

423.91 

0.2 

± 

0.1 

Fietz et al. 1994 

92.4 

0.154 

0.4 

328.33 

-0.10 

± 

0.08 

Benischke et al. 1992 

92.9 

0.155 

1.7 

277.42 

1.3 

± 

0.1 

Almasan et al. 1992 

93.1 

0.156 

0.8 

257.46 

0.4 

± 

0.1 

Yoshida et al. 1999 

93.7 

0.169 

0.6 

-157.27 

0.83 

± 

0.06 

Almasan et al. 1992 

92.5 

0.175 

0.2 

-259.58 

0.69 

± 

0.06 

Sadewasser et al. 2000 

92.3 

0.176 

-0.1 

-269.86 

0.35 

± 

0.08 

Fietz et al. 1996 

91.0 

0.180 

0.05 

-335.27 

0.65 

± 

0.09 

Fietz et al. 1994 

90.8 

0.181 

-0.5 

-346.04 

0.1 

± 

0.1 

Fietz et al. 1994 

89.7 

0.184 

-0.8 

-396.45 

-0.1 

± 

0.1 

Fietz et al. 1994 

88.2 

0.187 

-0.3 

-455.77 

0.6 

± 

0.1 

Yoshida et al. 1999 

88.0 

0.187 

-0.8 

-462.91 

0.1 

± 

0.1 

Fietz et al. 1994 

88.0 

0.187 

-1.2 

-462.91 

-0.33 

± 

0.03 

Lortz et al. 2006 

87.6 

0.188 

-0.6 

-479.67 

0.3 

± 

0.1 

Fietz et al. 1994 


TABLE S2: Characteristics of all samples whose sensitivity of T c to pressure is plotted in Fig. 3. Zero-resistance T c at 
ambient pressure (P = 0), doping p, measured initial slope dT c /dP. ( dT c /8P) p corresponds to the measured dT c /dP corrected 
for the doping effect of pressure (see Section “Doping effect of pressure in YBCO” below). In the 4th column, we list the term 
( dT c /dp) p that goes into this correction. The last column gives the reference for the data, by name of first author - year (see 
list below). Our own three oxygen-ordered samples are identified as “This work”. 
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FIG. SI: Resistivity of YBCO at p = 0.107. Electrical resistivity p a (T) of YBCO sample with y = 6.54 ( T c = 60.2 K, 
p = 0.107) and a high degree of oxygen order, measured as a function of temperature for a current along the a axis of the 
orthorhombic structure, at 3 different pressures as indicated, a) Raw data, b) Same data as in panel a), but normalized to 
unity at T = 275 K (same as Fig. 2a). The straight line is a linear fit to the data at high temperature, extrapolated to T — 0. 
The pseudogap temperature T*is defined as the temperature below which pa.iT) deviates from its linear dependence at high 
temperature [1911201 . Tcdw marks the onset of CDW modulations seen in X-ray diffraction at that doping (arrow; see Fig. 1). 
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FIG. S2: Resistivity of YBCO at p = 0.090. Same as in Fig. SI, but for our YBCO sample with y = 6.50 ( T c = 54.5 K, 
p = 0.090). Note that T* > 300 K at this doping [191 . 
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FIG. S3: Resistivity of YBCO at p = 0.119. Same as in Fig. SI, but for our YBCO sample with y = 6.67 ( T c = 65.3 K, 
p = 0.119). 
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FIG. S4: Resistance of YBa2Cu408- Electrical resistance of YBa2Cu408, a stoichiometric underdoped cuprate with perfect 
oxygen order (T c = 80 K, p = 0.14), reproduced from ref. 26]. The data were taken as a function of temperature for a current 
along the a axis of the orthorhombic structure, at 3 different pressures [26], as indicated, a) Raw data, b) Same data as in 
panel a), but normalized to unity at T = 275 K. There is no change in the shape of p a (T) up to 10 GPa. 
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FIG. S5: Sensitivity of T c to pressure P in YBCO, defined as dT c /dP, the initial slope in the T c vs P dependence, as a 
function of doping p. The data points come from the literature (blue circles; Table S2 and references below it) and from our 
own measurements (red circles with error bars; Figs. SI, S2, S3). Two quantities are plotted: 1) the measured values of 
dT c /dP (labelled (dT c /dP)mens', open circles); 2) the corrected values (labelled ( dT c /dP ) COII ; full circles). The corrected data 
are obtained via ( dT c /dP) COII — ( dT c /dP) p = (dT c /dP) meas — 0.01 p(dT c /dp) (see Table S2 and section below). The red line 
is the magnitude of the correction, with ( dT c /dp) p being the derivative of the T c vs p curve (black line; right axis). The 
horizontal dashed line marks (dT c /dP) corl = 0. 
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FIG. S6: Resistivity of YBCO at various dopings for H = 15 T. Temperature dependence of the electrical resistance R(T) of 9 
YBCO samples, with oxygen content y as indicated, measured in the presence of a magnetic field H = 15 T applied along the 
c axis of the orthorhombic crystal structure. The data are plotted as a function of T/ T c , where T c = T c (0) is the zero-field 
superconducting transition temperature, defined as the point where R goes to zero for H = 0. The shift in T c caused by the 
field, A T c = T c (15 T) — T c (0), is marked by a short vertical line. It is used to obtain the sensitivity to field, defined as — dT c /dH 
= AT C / 15 T. All values of T c (0), T c (15 T), and AT c / 15 T are listed in Table SI. 
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FIG. ST: Nernst signal of YBCO at various dopings for H = 15 T. Same as in Fig. S6, but for Nernst data instead of resistance 
data, measured on 6 of the samples in Fig. S6, with oxygen content y as indicated. Solid lines interconnect the data points 
obtained from field sweeps. Dashed lines are linear extrapolations to N = 0. T c (15 T) is defined as the point where N goes to 
zero, whose values are listed in Table SI. Details on Nernst measurements can be found in ref. 
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FIG. S8: Superconducting transition temperature T c vs hydrostatic pressure P in YBCO for five dopings as indicated, 
reproduced from ref. 1251 Note that to avoid relaxation effects due to oxygen ordering, the pressure was applied at low 
temperature (liquid He). Full lines are a guide to the eye. We extract the value of T c at P = 15 GPa (vertical dashed line) 
by smoothly extrapolating the data (dotted lines). The values of T c at P = 15 GPa thus obtained are plotted vs p in Fig. 4. 
The zero-pressure values of T c are (from bottom to top): T'c(O) = 14.2 (yellow), 17.5 (green), 34.1 (blue), 63.7 (red) and 92.3 
K (black) [25] . 
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Doping effect of pressure in YBCO 


There are two mechanisms by which pressure increases doping in YBCO. The first has to do with the re-arrangement 
of oxygen atoms in the CuO chains. Pressure improves the degree of oxygen order. With oxygen ordering comes an 
enhanced charge transfer between CuO chains and Cu02 planes, and hence an increased doping of holes into the 
planes. This has been studied in detail (e.g. [25]). and there are two approaches to eliminate this ordering process: 
1) apply pressure at a temperature of 200 K or lower; 2) use samples that already have a high degree of oxygen order. 

In Table S2, we collect data on the suppression of T c with pressure P, specifically the rate dT c /dP 1 only for those 
studies that have used one or the other of these approaches to ensure that no oxygen relaxation effects take place. For 
dopings higher than p = 0.15, in the range where no superstructure is favoured, these precautions are not necessary. 
To the long list of published data, we add three data points we have taken ourselves on oxygen-ordered samples (Table 
S2): 

y = 6.50, T c (0) = 54.5 K, p = 0.090 (ortho-II order); 

y = 6.54, T c (0) = 60.2 K, p = 0.107 (ortho-II order); 

y = 6.67, T c (0) = 65.3 K, p = 0.119 (ortho-VIII order). 

They fit very well with the other data (Fig. S5). 

The second mechanism by which pressure increases doping is one that cannot be avoided. By bringing the chains 
closer to the planes, charge transfer is improved and hole doping is increased. The variation of T c , with pressure 
therefore includes two terms |2T j28j: 


dTc = dp(dT±\ , (dT,\ 
dP dP\dp) P + \dPj 


(SI) 


The term on the left of the equation is the raw “sensitivity to pressure”, as measured in the experiment. The first 
term on the right represents the doping effect of pressure and the second term is the direct (intrinsic) dependence 
of T c on P, of interest here. Fortunately, the first term is small. In Fig. S5, we plot that raw dT c /dP vs doping p 
(open circles) (Table S2). We immediately see a sharp peak at p = 0.12. To investigate the effect of pressure-induced 
doping on these data, we plot a corrected set of data, obtained by subtracting the product of dp/dP and ( dT c /dp) P . 
Assuming that dp/dP varies linearly with p, we fix the prefactor by requiring that ( dT c /dP) p = 0 for p > 0.16, in the 
overdoped region. This is based on our assumption that the small negative values of dT c /dP measured at p > 0.16 
are purely due to the doping effect, since ( dT c /dp) p < 0 on the downward sloping side of the T c vs p curve. This 
yields dp/dP = O.Olp hole / GPa. As for ( dT c /dp) P , it is simply the derivative of the T c vs p curve (black curve in 
Fig. 1), plotted as the red line in Fig. S5. The corrected data are shown as full circles. We see that the correction is 
small everywhere. 

The bottom line is that whether we correct or not, the curve is strongly peaked at p = 0.12, and this peak starts 
below p = 0.16, exactly as the CDW dome (Fig. 1). Moreover, the sensitivity to pressure, whether raw or corrected, 
tracks the sensitivity to field at all p (Fig. 3). 

In Fig. S8, the value of T c measured in YBCO by Sadewasser et al. [25] at 5 different dopings is plotted vs pressure. 
We extrapolate these curves to P = 15 GPa, and hence obtain T c at P = 15 GPa, plotted in Fig. 4. In that figure, 
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the doping values are obtained using the same formula as above, namely p(P) = p( 0) + 0.01 P. In Fig. S8, the 
data at p(0) = 0.177 (red) need not be extrapolated since they go up to 17 GPa. The fact that T c for that sample 
becomes flat above 15 GPa implies that it has reached its maximal value, T c = 105 K. This shows that the peak in 
the dome of T c vs p at 15 GPa must be at p = 0.13 or lower. For the four other samples, extrapolations are needed 
to get T c at 15 GPa. For the highest doping (black; p( 0) = 0.175), the linear extrapolation is reasonable and the 
uncertainty is small, so that T c (15 GPa) = 80 ± 5 K. For the lowest two dopings, it is clear that T c (15 GPa) = 0 
regardless of how one extrapolates to 15 GPa. The only significant uncertainty is on the sample with p(0) = 0.071 
(blue), whose data stop at 8 GPa. The dependence of T c between 8 GPa and 15 GPa could be quite different from the 
linear extrapolation shown in Fig. S8. To reflect that uncertainty, we assign a large error bar to that point, namely 
T c (15 GPa) = 63 ± 20 K. Note that this large uncertainty has little impact on the superconducting dome displayed 
in Fig. 4. In particular, the position of the peak in the dome of T c vs p at 15 GPa must necessarily be in the interval 
0.08 < p < 0.13, most likely close to 0.13. 



